Abstract. In Poland, the number of feral mink (Neovison vison) and the size of the fur-farming industry are growing. There is a concern that the gene pool of the wild living mink is being infiltrated by that of ranch animals. Three populations were analyzed: Polish ranch mink, feral animals from Poland, and, they were for the first time in Poland, compared with wild individuals from North America. The breeding history of the species and the main ways of introducing the American mink into new areas on different continents were considered. The final research included analysis of the polymorphism of 12 Mustelidae-specific microsatellite loci. It showed a similar level of genetic diversity in all the investigated populations. The research revealed the existence of geographically-specific subpopulations of feral mink in Poland, characterized by different origins, and indicated a small degree of introgression between Polish ranch and wild living populations in the past although the assignment simulation makes it clear that they are genetically distinct groups. The results are in accordance with previously reported models of colonization of Poland by this species and help to explain the influence of anthropogenic factors on the current status of this invasive species. Mixing of two separate genetic pools from the native range in Poland is a newly identified factor, shaping the genetic structure of ranch and feral populations of Neovison vison.
Introduction
Populations of introduced species derived from a small number of founders usually suffer adverse effects of low genetic variation that may limit their adaptability to new conditions encountered in the colonized environment (DlugoscH & Parker 2008) . However, there is also a phenomenon of the so-called genetic paradox (FrankHam 2005) relating to invasive species, which is associated with overcoming the adverse impact of the introduction (low genetic variability, low evolutionary potential) of populations affected by the bottleneck effect. If the introduction occurs in many places in the area and the individuals forming the invasive populations come from different areas of their native range of occurrence, the gene flow between these populations creates zones of high genetic diversity, and the individuals that inhabit them are characterized by very good viability (crawForD & wHitney 2010).
The American mink (Neovison vison) is a species that appeared natively only in North America. The spread of the wild American mink outside its natural area of distribution occurred at different places and at different times and was associated with accidental escapes and deliberate releases. There were at least four ways to introduce this species into new areas: intentional introductions aimed at creating game populations of fur animals in the area of the former Soviet Union (Herman 1979) , deliberate release of ranch animals related to animal rights movements (reynolDs et al. 2004) , devastation of farms during World War II (Sławoń 1978; KruSKa & Sidorovich 2003) , and accidental escapes of individuals from farms (kaleta 1984; HammersHøj et al. 2005; Zalewski et al. 2010) . Taking into consideration the increased intraspecific diversity of ranch individuals, particular founders are likely to differ from each other genetically and anatomically. Farm animals are represented by a wide range of colour varieties, differing in body size (nes et al. 1988; jakubcZak 2006a jakubcZak , 2006b . Therefore, the present-day differences between populations reflect different origins of the founding individuals, rather than appearing to represent actual subspecies (KruSKa & Sidorovich 2003) . Individuals originating from farms gave rise to wild populations reproducing in the wild. In countries with a well-developed fur farming industry the risk of escapes is considered to be higher, and an extreme example might be Denmark, where simulation studies indicated that the number of feral of mink is sustained by regular supplements from mink farms and that no true feral population exists (PertolDi et al. 2013 ).
In Poland, in the first years of its presence, the most intensive growth in the number of American mink was found in the north-eastern area (BrzezińSKi & Marzec 2003) . Due to previously mentioned introductions in the former USSR, animals observed in north-eastern Poland were considered as migrants from the eastern border. On the other hand, a significant majority of breeding farms are located in the north-western region of the country (JeżewSKa-witKowSKa et al. 2014) . Thus, it is assumed that individuals that had escaped from breeding farms were the basic group of founders for feral American mink populations living in this area (BrzezińSKi & Marzec 2003; Zalewski et al. 2010) . In this aspect, one of the possible explanations of the explosive demographic growth rate in feral mink populations might be the heterosis effect of crosses between individuals from different ranch colour lines, even if their number was rather limited (tHirstruP et al. 2014) . Comparative studies carried out so far indicate significant differences in phenotypic and genetic traits not only between animals kept on farms and their wild ancestors, but also between those derived from the first group of feral populations living in the wild in the areas outside the natural range of the species (lyncH & HayDen 1995; Belliveau et al. 1999; kruska & scHreiber 1999; KruSKa & Sidorovich 2003; kiDD et al. 2009; tamlin et al. 2009; bowman et al. 2012; tHirstruP et al. 2015) . This suggests that three categories of American mink should be distinguished: wild mink, which includes only the native populations living in the areas of North America; ranch mink, i.e., animals kept on farms and being the subject of breeding (selection), and feral mink, including populations of animals that live in the wild outside the natural area of the occurrence. In the case of the Eastern European feral populations, the populations of individuals released in the former Soviet Union should mainly be taken into account, including individuals that escaped from farms, mostly in the first years of breeding. The aim of the study was to determine the level of genetic diversity within populations of ranch and wild living American mink, taking into account the native and introduced populations. Ranch and feral populations from Poland were already investigated in terms of their genetic diversity, but in this study they are for the first time compared with native wild mink. Analysis of the relationships and evaluation of the fixed differences between these three mink groups may help to explain the origin and predict the invasive potential of feral populations.
Material and methods
The research was carried out with the approval of the II Local Ethical Committee for animal experiments in Lublin (Resolution No. 83/2009 ). The studies included ranch mink of the standard colour type, both males and females, in the first year of their life. Samples were taken from unrelated animals from one farm (100 individuals). Second group included 39 feral animals, representing both sexes and belonging to two subpopulations: from the area of north-eastern (NE) Poland (near Olsztyn -24 individuals) and north-western (NW) Poland (around Drawsko Pomorskie -15 individuals). Two individuals came from road traffic accidents while the rest were obtained in cooperation with Polish Hunting Association. Obtained material was immediately put in -4°C. Third group included 50 wild-living animals from North America, whose skins were purchased on an auction in Canada in 2011. Unfortunately, the specific region of their origin was not known. Conserved skins were kept in dry conditions and biological samples were taken immediately on receipt to the laboratory. In the case of the ranch animals, whole peripheral blood was collected to vacuum tubes containing EDTA. Fragments of skin with hair were the material from the wild living animals from Poland and North America. DNA extraction was performed using a DNeasy Blood and Tissue Kit (QIAGEN). The purity and concentration of the isolated DNA was assessed by spectrophotometry (BioPhotometer, Eppendorf) and electrophoretic separation on a 1% agarose gel containing ethidium bromide in 1×TBE buffer, with voltage 70 V for 40 minutes. The samples were visualized under UV light and archived using the ScionImage program.
On the basis of the literature, 17 microsatellite markers specific to the Mustelidae family were selected for the analyses: Mvi1302, Mvi1321, Mvi1341, Mvi1354, Mvi1843, Mvi2243, Mvi1273 (vincent et al. 2003 ), Mvi4006, Mvi4054, Mvi4031, Mvi4052, Mvi4055, Mvi4066, Mvi5001 (anistoroaei et al. 2006 ), Mer022 (Fleming et al. 1999 ), Mvi4049 (anistoroaei et al. 2007 ), and Mvi804 (FariD et al. 2004 . Fifteen microsatellite sequences were set in four multiplexes: I -Mvi1341, Mvi1354, Mvi4055, Mvi4066, Mer022; II -Mvi1302, Mvi1321, Mvi1843, Mvi4054, Mvi5001; III -Mvi2243, Mvi4031, Mvi4052 ; IV -Mvi804, Mvi1273. For two microsatellite markers (Mvi4006, Mvi4049), PCR was performed individually. The reaction mixture was prepared using AmpliTaq Gold 360 DNA Polymerase (ThermoFisher Scientific). The basic composition of the PCR mix was the same for all reactions. Each sample contained 2 µl of genomic DNA, 1x reaction buffer (supplied with the polymerase), 10% (v/v) of G/C buffer, 2 mM MgCl 2 , and 0.2 mM of each dNTP. The individual PCR reactions varied by the amount of primers (the amount of each primer per sample) -for the sequences: Mvi1341, Mvi1354, Mvi4055, Mvi1321, Mvi4054 -0.5 µM; Mvi5001, Mvi804, Mvi1273, Mvi4049, Mvi4006 -0.2 µM; Mvi4066, Mer022, Mvi1302, Mvi1843, Mvi2243, Mvi4031, Mvi4052 -0 .1 µM. The following amounts of polymerase were added: multiplex I and II -0.5 U/sample; multiplex III, IV, and microsatellite sequences amplified individually -0.2 U/sample. The total volume of a single sample was 10 µl. Amplification was performed using Labcycler (SensoQuest). The thermal profiles were as follows: initial denaturation at 95°C for 10 min. followed by 35 cycles -denaturation at 95°C for 30 s, annealing at 56°C for Mvi4006, 60°C for multiplex I, II, IV, 63°C for multiplex III and Mvi4049 for 60 s, extension at 72°C for 60 s, at the end followed by a final extension of 72°C for 10 min. Separation of products was performed using an ABI Prism 3100-Avant Genetic Analyzer in a 4% polyacrylamide gel (POP-4). 3100 -Avant ABI Prism -Data Collection and Gene Mapper v. 3.5 software was used to collect the results and analyze the length of separated fragments. The length of alleles was determined in relation to the internal size standard GeneScan -500 ROX.
The number and frequency of alleles at a given locus (N A ), effective number of alleles (N E ), and observed (H O ) and expected (H E ) heterozygosity were calculated separately for each population and Hardy-Weinberg disequilibrium significance was checked. The effective number of alleles (N E ) determines the number of alleles required to provide the same heterozygosity as the actual number of alleles, in cases when they are all present with the same frequency (kimura & crow 1964) . This measure is used frequently because it is less sensitive to sample size and the presence of rare alleles (FrankHam 1996) . For each population, the inbreeding coefficient (F IS ) and the frequencies of null alleles were determined. Polymorphic information content (PIC) values were estimated for each of the loci separately. The calculations were performed using the program Cervus ver. 3.0.3 (kalinowski et al. 2007) and POPGENE ver. 1.31 (yeH & boyle 1997) . Evaluation of the presence of cryptic genetic structure between the wild, feral, and ranch American mink was carried out using STRUCTURE 2.3.3 (PritcHarD et al. 2000) . The analysis in STRUCTURE contained previously fixed information about the assignment of an individual to a specific population. A mixed-parameter model with correlated allele frequencies was used with the "burn-in" phase of 5000 iterations, followed by 50000 MCMC (Markov Chain Monte Carlo) replication phase. The subsequent probability values for the number of populations (K) in the range from 1 to 10 were calculated from 20 independent simulations to determine regularity. The highest value of the index of likelihood function changes in relation to K (ΔK) was used to find the most likely number of K (evanno et al. 2005) . This parameter was determined using STRUCTURE HARVESTER (earl & vonholdt 2012) . The research was focused on determining further genetic structuring of the three investigated groups, therefore in the final analysis, K values from 3 to 10 were taken into account in the ΔK estimation.
Results
All the analyzed loci were checked for the presence of possible null alleles. Estimation of the frequency of these alleles was carried out separately for each population. Loci characterized by a frequency of null alleles higher than 0.1 in at least two populations were excluded from further analysis. These were loci Mvi1302, Mvi1354, Mvi4055, Mvi4052, and Mvi4006.
Private alleles were reported for each population; however, they were characterized by low frequencies, especially in the case of alleles specific for the ranch mink population (0.48% -1.04%). The greatest number of private alleles (nine) was observed in the group of wild mink from North America, and their frequencies ranged from 1.00% to 7.14%. In the populations of the Polish feral mink, three specific alleles were noted with frequencies ranging from 1.32% to 5.71%. Based on the analysis of polymorphism of 12 loci, basic parameters describing the genetic variability of the studied populations were calculated (Supplementary Table 1 ). The analyzed loci were characterized by high informativeness reflected by the values of PIC, which in almost all cases exceeded 0.5. Loci Mvi4049 in the ranch population (PIC = 0.40) and Mvi4054 in the wild North American mink population (PIC = 0.34) were exceptions; both loci were moderately informative.
The average number of alleles per locus (N A ) in both feral mink groups was higher than 5, whereas this value in the wild and ranch mink was greater than 8. In these groups, the effective number of alleles (N E ) was approximately two-fold lower than the observed number of alleles, and the N E value in the ranch mink was slightly lower than that in the wild mink (3.87 vs 4.29). Five loci in the ranch mink group and three loci in the wild mink significantly deviated from Hardy-Weinberg equilibrium. In the case of both feral subpopulations, this was observed in one locus in the eastern population and in two loci in the case of individuals from the west (Supplementary Table 1 ). The mean H E of all the mink groups was almost the same, ranging from 0.69 to 0.73. In the ranch mink group, the mean value of the inbreeding coefficient (F IS ) was -0.03, and a negative value of this coefficient was also observed in the eastern feral mink subpopulation (F IS = -0.10). An opposite situation was found for the wild mink from North America, where the F IS value was 0.10, and in the feral population from western Poland (F IS = 0.06). The Bayesian method was used to separate genetically distinct groups. Calculation of K from the output of STRUCTURE produced a modal value of this parameter at K = 5 (Supplementary Table 2 and Supplementary Fig. 1 ). The five clusters of genotypes corresponded to (1) wild mink from North America, (2) feral mink from north-eastern Poland, (3 and 5) ranch mink, and (4) feral mink from northwestern Poland (Table 1 and Fig. 1 ). This result showed that there are distinct groups of wild, ranch, and feral mink. The ranch mink formed the most heterogeneous group. The ranch animals were assigned to two clusters (3 and 5), although the individual animals were characterized by a different proportion of these two genetic pools (Table 1) . Relevant information about the genetic structure was obtained in the case of the wild-living mink from Poland. In general, the population was assigned to two genetic pools (clusters 2 and 4). In cluster 2, there were up to 61.5% of the population of feral mink. In contrast, 30.8% of animals of this group were assigned within the second cluster. Three individuals from the Polish feral population, with the total value of q for clusters 3 and 5 of: 0.667, 0.736, and 0.737, were classified as representatives of the ranch population.
The biological samples derived from the feral animals were obtained from two different locations (northeastern and north-western Poland). The analyses of the assignment of the animals in STRUCTURE showed a perfect correlation between the region of their occurrence and the membership in a particular cluster. All the American mink from the area near Olsztyn are classified within cluster 2, while almost all the specimens collected in the area of Drawsko Pomorskie were included in cluster 4. Individuals from this group of mink that were assigned to the ranch population, as previously noted, were exceptions.
Based on the differences in the frequencies of microsatellite alleles between the clusters (calculated in STRUCTURE as net nucleotide distance), the UPGMA tree was drawn, including five genetic groups (Fig. 2) . It can be seen that the feral animals from north-western Poland were grouped together with the ranch mink individuals. The ranch animal group was represented by two branches according to the presence of two genetic pools in their genotypes. The feral mink population from north-eastern Poland was placed within the second clade together with the wild mink population from North America.
Discussion
Originating from North America, American mink became a common species, but it's distribution outside the native range was connected with many factors that shaped the genetic structure and the level of diversity of particular populations. Coexistence of ranch and feral mink populations takes place in many European countries and raises controversy because of the invasive potential of the species. Comparison of Polish ranch and feral populations with wild animals from North America, serving as a standard, clarified the origin of feral individuals and showed pronounced genetic distinctiveness of the investigated populations and sub-populations. The average number of alleles recorded in this study was lower than that reported by MichalSKaParDa et al. Mixing of these two lineages may increase the level of genetic diversity of this population. But it also has influence on other mink populations, as they all originate from North American individuals. Then, it may also explain the share of two different genetic pools, evaluated by the assignment analysis, in the ranch mink genotypes analyzed in this study. Animals caught in the native range and then used for fur farming probably represent a mixture of both North American clades.
The inbreeding coefficient (F IS ) evaluated in this study may indicate no clear internal genetic structure within the group of mink of the standard colour type, while the value measured by MichalSKa-Parda et al. (2009) probably results from the inclusion of mink belonging to different colour varieties in one tested group and the presence of a pronounced genetic structure. Selection, controlled mating and exchange of animals between farms to avoid inbreeding are probably the main factors influencing the excess in the proportion of heterozygotes in the case of ranch animals. In the case of the groups of wildliving animals, the excess may be correlated with the existence of subpopulations and the associated Wahlund effect consisting in erroneous assignment of samples taken from separate subpopulations to the same group, and thus recording a seeming excess of heterozygotes. This is also confirmed by the results published by Zalewski et al. (2010) , where the north-eastern and north-western Polish populations Fig. 2 -UPGMA tree presenting the phylogenetic relationships between American mink populations, according to the cluster division generated in STRUCTURE based on the frequency of microsatellite alleles.
analyzed separately exhibited a relatively low value of F IS , demonstrating their high genetic diversity as well as genetic homogeneity (understood as specific frequency of alleles of particular sub-populations) and possibly reflecting their distinctiveness. However, the inbreeding coefficient value studied by Zalewski et al. (2010) for feral mink from central Poland was higher, which might be associated with the occurrence of contact areas between eastern and western populations and, therefore, assignment of individuals from these two subpopulations within one group as the case of Wahlund effect. According to Zalewski & BrzezińSKi (2014) , the genetic structure of introduced populations depends on two basic factors, i.e., the genotypic diversity of individuals that have established the populations and the presence of barriers limiting the environmental dispersion of individuals and communication between the newly established populations. It is therefore determined by both past processes and those occurring after the animals are introduced into the new environment (tHistruP et al. 2015) . The division of the feral animals from Poland into two distinct genetic groups results from mixing of genetically different subpopulations of the American mink in the environment. Similar relationships were demonstrated by Zalewski et al. (2010) . However, the use in this study of North American individuals as a kind of reference group for the species, allowed clarification of the origin of these subpopulations. It is known that invasive species often show a well-developed genetic structure in newly inhabited area s, which is sometimes better differentiated than in native populations (marrs et al. 2008) . The results obtained by Zalewski et al. (2010) indicate that the eastern and western Poland regions were inhabited by American mink via different processes. One of them was the influx of feral animals from the eastern border, and specifically from Belarus. This is in agreement with the observations of the appearance of the American mink in Poland. These animals then spread to the west and south of the country. However, this model proved to be suitable only for the eastern areas of the country. Feral individuals from the Polish northeastern population were characterized by a more clearly marked genetic distinctiveness in relation to ranch mink than animals belonging to the population from the northwest. In turn, their remarkable similarity to individuals natively inhabiting North America was found (Fig. 2) . This confirms the model of settlement of eastern Poland by Neovison vison individuals discussed above. The American mink inhabiting this part of the country are derived from a population of feral animals released on the territory of the former USSR. Although they were kept on breeding farms, the time they have been subjected to the process of domestication was relatively short. This enabled them to maintain many features of their ancestors and it can be seen in the results of this study, as the feral mink population from north-eastern Poland was placed within the second clade together with the wild mink population from North America. However, breeding procedures, such as selection or the mating system, even if they were practiced for only a short time, led to the development of some differences, including genetic changes. In addition, when released into the natural ecosystems, these individuals were under the influence of environmental factors that have an impact on creation of mechanisms of adaptation or selection of better-adapted organisms. Under the influence of these two major factors, the population of feral mink developed genetic distinctiveness in relation to the ranch population, while maintaining a high degree of similarity to the wild mink from North America. In turn, the western areas of Poland were probably inhabited by the American mink in a different way, i.e., as a result of colonization by individuals that are descendants of escapees from farms. This theory is reflected in the data from the present study. It must be concluded that the ranch animal escapes leading to the creation of feral populations in north-western Poland took place in the distant past, as it was also previously mentioned by tHistruP et al. (2015) . The escapes of ranch mink are incidental. Mink farms in most cases are less than 10-year-old buildings provided with advanced security systems to prevent escapes of animals outside the farm (JeżewSKa-witKowSKa et al. 2014) . The comparison of Polish feral animals not only with ranch individuals, as it was previously done by micHalska- ParDa et al. (2009) and Zalewski et al. (2010) , but also with wild mink from North America, allowed this study to avoid the overestimation of the proportion of ranch mink (understood as farm escapes) in the feral populations.
Colonization of a new area can be triggered by a single introduction of a number of individuals on the territory or can result from multiple introductions. After a certain time, populations of invasive species introduced into a new area generally stabilize and their numbers remain constant. However, the invasive species will eventually colonize a less favorable habitat, which indicates the need for vigilance against their potential for expansion, even if their distribution seems to be unchanged for some time (Fraser et al. 2015) . The impact of escaped breeding mink on populations living in the wild is not clear. In Canada, individuals escaping from farms may have contributed to the collapse of the native populations of wild mink by introgressive hybridization and disease transmission (kiDD et al. 2009 ). It has also been proved that domestic mink are artificially selected for traits that are desired by mink breeders, and as such, introgression with wild mink may lead to loss of local adaptation (bowman et al. 2017) . Genetic monitoring can provide valuable information on temporal changes in the population of American mink, suggesting that this approach can be used to evaluate and improve programs for control of invasive vertebrates (Zalewski et al. 2016) . Knowledge about the genetic structure and genetic diversity of native source mink populations helps to explain these parameters also in ranch but especially in feral populations of Neovison vison.
The impact of the American mink on local ecosystems is an important problem in many European countries. Rational strategy is necessary to control the number of wild living populations of this species. Several strategies have been implemented by some countries so far: live trapping, continuous population size monitoring and eradication of the species (bonesi & PalaZon 2007). Management strategies developed for island ecosystems are aimed at complete eradication of the species, while in continental areas management measures aimed at controlling size of the feral mink population and its constant maintenance at low level are more popular (Zabala et al. 2010) . Sometimes mixed strategies based on two different approaches are implemented. In England, management strategy includes mink trapping and systematic monitoring of mink population (Harrington et al. 2009 ). Application of these management strategies produced diverse effects. Actions undertaken in the United Kingdom in the '60s aimed at eradicating the American mink failed to produce any effect, while implementation of population monitoring and measures for reducing mink population in the '90s was very successful. However, in Finland and Estonia eradication of the species was efficient and brought about desired results (bonesi & PalaZon 2007). Initiating efforts targeted at controlling feral mink populations in Europe is justified and can be realised by adopting described strategies. However, it requires cooperation between neighbouring countries, due to possible migration of individuals. One aspect that should be taken into account in the controlling strategy is the genetic structure analysis and creation of mink genetic profiles database, with the possibility of individual genotype assignment. It should include representatives of all feral subpopulations existing in Poland, and also ranch individuals, which would help to check the origin of animals arising from the expansion of the American mink population.
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